Molecular simulation is becoming a very powerful tool for studying dynamic phenomena in materials. The simulation yields information about interaction at length and time scales unattainable by experimental measurements and unpredictable by continuum theories. This is especially meaningful when referring to bonding between a polymer and a metal substrate. A very important characteristic of polymers is that their physical properties do not rely on the detailed chemical structure of the molecular chains but only on their flexibility, and accordingly they will be able to adopt different conformations. In this paper, a molecular simulation of the bonding between vinyl ester polymer and steel is presented. Four different polymers with increasing chain lengths have been studied. Atomic co-ordinates are adjusted in order to reduce the molecular energy. Conformational changes in the macromolecules have been followed to obtain the polymer pair correlation function. Radius of gyration and end-to-end distance distributions of the individual chains have been used as a quantitative measurement of their flexibility. There exists a correlation between flexibility of the molecular chains and the energy of adhesion between the polymer and the metal substrate. Close contacts between the two materials are established at certain points but every atom up to a certain distance from the interface contributes to the total value of the adhesion energy of the system.
Introduction
Hybrid Fiber-Metal Laminates (FMLs) are materials made up of alternating layers of metal with blocks of laminated composites of polymeric matrix reinforced with fibers. Thus a multi-layered material with improved mechanical properties and inservice performance is obtained. Its density decreases when fibers and polymer are placed in between metal layers [1] [2] [3] . The material is reinforced in the preferred direction and fatigue strength is also improved due to the layered structure. Moreover, it alleviates some problems to some extent, as for example fire resistance and impact damage. Corrosion is still a problem for the first metal layer, but the composite layer restrains corrosion progress deeper inside the laminate. Thus it increases durability. Moreover, impact response is also improved as compared to a composite material (metal plasticity is retained). Such improvement is due to proper degree of adhesion between the layers and an adequate interphase behavior. The manufacturing processes for the FMLs are not as versatile as the ones used in metal forming. However, they are much more efficient than the manufacturing processes for composite materials, because their own metal layers are being used as the tool for the layup of the composite plies [4] [5] [6] . Fire resistance is highly superior to composite materials because polymers are encapsulated between metal layers [4] .
A simulation of the bond behavior in a layered laminate made of steel alternating with composite made of vinyl ester matrix reinforced with E-glass fibers using Molecular Dynamics (MD) has been carried out. The influence of the polymer chain length and structure on the adhesion energy is elucidated. The design, development and characterization of an appropriate interphase between the metal and polymer layers are necessary for matching the different mechanical properties of these two dissimilar materials. Otherwise, a laminated hybrid material will not properly function, and this could lead to specific failure modes, such as local buckling of the metal layer.
A review on the modelling of polymeric materials can be found in [7] . A computational prediction of physical properties is particularly challenging for polymeric materials, because of the extremely broad range of length and time scales governing the structure and molecular motion in these materials. This challenge can only be met through the development of hierarchical analysis and simulation strategies encompassing many interconnected levels (atomistic, mesoscopic, macroscopic), each level addressing phenomena over a specific window of time and length scales. A single modelling approach cannot address all properties of interest in applications.
We have focused on a particular problem: polymer-to-metal substrate interactions. We need to use for this purpose the methods and algorithms suitable for the length and time scales for this kind of problem, which is linked to interfacial nonbonded interaction (van der Waals and electrostatic potentials) between the atoms of the polymer and the atoms in the metal oxide on the surface. In this respect we have used a methodology similar to that used by other researchers dealing with analogous phenomena [8] , in order to reproduce the macroscopic behavior of the material, as measured in laboratory tests [9] [10] [11] .
Furthermore, Finite Element analysis for material modelling at the macroscale needs data about the mechanical behavior of the interphase which is very difficult to obtain from direct measurements. However, properties of the interfacial region can be derived from molecular modelling, and this information is then used as the input data for modelling in the continuum (Finite Elements Method). Figure 1 shows a vinyl ester to steel bond. It is extremely difficult to perform measurements of stress and strain in the interphase through conventional techniques due to its in- accessibility to any kind of sensor. This is why modelling of the interphase for different molecular structures can deliver information which otherwise is impossible to obtain by any other means [12] .
Cohesive energy density, macromolecular packaging or localized movements in the polymer chains (causing stretch, torsion or angle deviation of the bonds), both inter-and intramolecular, are properties that can be determined by applying molecular modelling techniques. The improvement in the performance of the material depends on the broad understanding of how the polymer works and the possibilities of fine-tuning the mechanical properties of the interfacial region [13] .
Molecular Models

Modelling of the Polymer
Material Studio 4.1 software (Accelrys, Cambridge, UK) has been used in this study. The first step in building the vinyl ester polymer is the modelling of the bisphenol-A monomer, wherein terminal groups of methacrylic acid have been added. Four different types of polymers have been modelled for dynamic simulation. They differ from one another in the length of their chains, i.e., the repeat unit (bisphenol-A monomer) varies between n = 1 to n = 4, as well as the initial and final groups of methacrylic acid.
Longer chains can be modelled by coarse graining the polymer chains into beadspring models, in order to reduce drastically the number of degrees of freedom. There are many levels of coarse-graining and many strategies can be adopted. Its application to polymers has been reviewed in [14, 15] . Nevertheless, these methods imply a simplification of the chain structure because they lump in beads a certain number of atoms (mesoscale units) and connect them with harmonic springs. This approach is very useful when trying to simulate very large ensembles of long-chains in order to obtain bulk properties of the polymer. They reduce the computation time to attain equilibrium as compared to the CPU time needed to relax the polymer structure when using atomistic simulation. However, when the goal is to simulate the interfacial region development, where only the non-bonded interactions between the polymer atoms close to the surface and the metal oxide atoms are relevant to calculate the interaction energies, it is necessary to use an atomistic model. Coarse-graining simulation is not feasible in this case, because bead-spring models that are valid for the bulk polymer are not representative of the interfacial region of the bond. Other authors [8] have also used this atomistic modelling approach for analogous adhesion problems.
The number of monomers used to build the chains is not representative of the chain length in a real polymer. It is only necessary to model the chain ends, close to the interfacial region. Their lengths are related to the distribution of interentanglement strand lengths in the real polymer. Only the chain segments close to the surface are involved in the adhesion phenomena, and show a remarkable mobility when they interact with the metal substrate; the rest of the chain backbones are basically unperturbed beyond approximately 1 nm distance from the interface. Here we find a link between the atomistic simulation and the mesoscale modelling of the polymer, where each bead represents a Kuhn segment of the chain. The Kuhn or statistical segment length (b) is related to the mean squared end-to-end distance ( R 2 ) and the actual length of the chain (L), by b = R 2 /L [7] . The order of magnitude of this length is in accordance with the lengths we have used in the model. In other words, only one bead of the coarse-grained models is considered because this is the characteristic length of the chain segments involved in the adhesion interaction with the substrate. However, we need to use an atomistic model of this segment; it is not possible to lump all these atoms in a bead.
The molar mass between entanglements can be obtained by multiplying the Kuhn length by the molar mass per unit length of the original chain. From these descriptors, it is possible to obtain the packing length, which equals the ratio of the volume taken up by a Kuhn segment of the atomistic chain divided by the square of its Kuhn length. It is a measure of how "fat" a chain is in relation to how stiff it is. The sizes of the chain segments used in the atomistic models are in accordance with those proposed by other authors for similar polymers [16] . In this way, it is possible to use models involving thousands of atoms, but with a size that is still treatable using Molecular Dynamics calculations, and is meaningful to the length and time scales related to the adhesion phenomena. Figure 2 shows a polymer chain with four vinyl ester monomers using a mixed model (CPK-Dreiding representation). The atoms are represented by spheres with radii that are proportional to their van der Waals radius, and atomic bonds by segments of proportional distances.
Amorphous Cell module -a module of Material Studio software -has been used in building a representative model of the polymer. Periodic boundary conditions (PBCs) have to be used since an infinite system is being simulated. This means that duplicates of the system are generated in all directions. When applying these PBCs, adjustment is made in order to attain equilibrium of the system's density along the path. This allows for the packaging of the molecules in the periodic cell, and avoids the presence of voids (number of molecules, volume and temperature conditions are maintained constant, NVT ensemble). A rectangular prism with edge lengths a = 26.2 Å and b = 29.2 Å was chosen to build the unit cell. The value of cell parameter c (thickness direction) and the number of chains are different for each of the four model polymers, in order to obtain a density value of 0.9 g/cm 3 for all of them. Table 1 shows the structural parameters of the four different model polymers used in the Molecular Dynamics simulation.
There is still no well established methodology for building the initial conformation of polymers. In fact, the construction of a reasonable amorphous packing of polymer bulk for the initial structure is in itself an active area of research. In accordance with [8] , we have adopted the following procedure for relaxing the initial structure: minimization using the conjugate gradient method with a conver- gence criterion of atomic force cut-off of 0.1 kcal/mol Å, up to a maximum of 5000 iteration steps, using the Fletcher-Reeves algorithm [17] ; the molecules in each amorphous cell are allowed to vibrate by NVT MD for 50 ps at 300 K; the configuration with the minimum potential energy is then selected and minimized to a convergence of 0.01 kcal/mol Å, with the conjugate gradient method.
In the simulation, velocity Verlet algorithm [18] has been used as integrator, at 300 K and time steps of 1.0 fs. For longer time steps, a collapse in the calculations can occur because different atoms tend to share the same spatial coordinates. A cutoff of 8.5 Å (based on charge neutral groups of atoms) has been used for non-bonded interactions. Figure 3 shows the minimized amorphous polymer cell corresponding to n = 4.
Modelling of the Metal Surface
The first step is to model a single cell of ferrous oxide and cleave the (111) plane to obtain the interface where the interactions will take place. This plane was selected because it is a compact one, atomic density is maximized and interactions between the oxide and the polymer are fostered. The metal substrate is modelled and its structure is relaxed, then it is held rigid (all the atoms fixed) during the simulation. Only the atoms belonging to the polymer chains are allowed to move. This is a simplification, but quite close to what happens in reality. The force field that we have used in the MD calculation is COMPASS. It is a parameterised fitted, second generation force field. It is specifically designed for non-bonded interactions in condensed phase materials, and a cut-off scheme has been used in conjunction with this force field [19] .
Although the surface is ionic in nature, the typing of the model by the COMPASS force field requires bonds to exit between the iron and oxygen atoms. However, for calculations to proceed correctly, these bonds must be removed after the typing is complete. As a second step, a supercell is built with lattice parameters a = 26.2 Å, Figure 4 shows the ferrous oxide cell and ferrous oxide cleavage surface.
Modelling of the Interface: Polymer-Metal Interaction
The polymer and the oxide have to be placed together for interaction. This requires defining a box with two layers, one for the ferrous oxide surface and the other for the polymer. The box extends along the z-direction to about 60 Å, and then padding the end of the box with a vacuum of about 30 Å length. This forces the polymer chains to interact with the metal surface that lies underneath and not with the material that is located on its top, as imposed by the PBC.
The problems related to the vacuum layer -i.e., that nothing prevents the polymer chains from filling up the expanded box, thus reducing the density -is not a difficulty in modelling the interface. Only the polymer atoms close to the interface move to approach the metal substrate, due to the non-bonding interactions at the surface. Other atoms in the polymer, only several nanometres away from the surface, never take part in the interaction and they do not change their coordinates along the process; only a small number of them, in a narrow layer close to the interface, do participate in the interaction. This procedure has been followed for the four different polymers used. Figure 5 shows the box with iron (II) oxide and polymer layers.
Molecular Dynamics
Interaction between the two materials at the interface is simulated by 30 ps of NVT molecular dynamics calculations at 300 K. Time steps of 1 fs have been used for a total number of 3 × 10 4 steps. Figure 6 shows that the temperature of the system evolves during Molecular Dynamics calculations until a constant value of 300 K is reached. Also, fluctuations of 20 K around the equilibrium temperature are present in the simulation.
The energy of interaction can be calculated by:
where E total is the energy of the system after interaction, E surface is the energy of oxide surface before the interaction with the polymer, and E polymer is the energy of the bulk polymer. Figure 7 shows conformational changes in the macromolecules after interaction with the metal surface, as predicted by Molecular Dynamics. There is a clear approach of several chain segments to the metal surface. Links between the polymer and the metal are only stablished at certain locations, as it happens in reality. However, interaction energy is not only related to these close contacts but to every atom located at a distance shorter than the cut-off of 8.5 Å (based on charge neutral groups of atoms) that has been used for non-bonded interactions at the interface. Table 2 shows interaction energies between vinyl ester and iron (II) oxide for the four polymers modeled, as calculated using MD, using equation (1) . As can be observed, the interaction energy increases with the number of monomers in the polymer chains.
Results and Discussion
A very important characteristic of a polymer is that its physical properties depend solely on the flexibility of each of its chains, which is related to the chemical groups of the chain backbone. Due to such flexibility, it can adopt different conformations when they are isolated. If the flexibility is high, abrupt changes of orientation can occur in a very short distance, which cause stretching, torsion or angle deviation of bonds, involving a limited number of atoms. On the contrary, the chain becomes very rigid and cannot adopt complex conformations.
In order to quantify the capacity of molecules to adopt a more compact conformation, the radius of gyration (s 2 ) in each polymer before and after the application of MD has been calculated from equation (2),
where m i is the atomic weight and s i the distance of an atom to the mass centre of the molecule. Figure 8 shows the radii of gyration for macromolecules of increasing chain length, as predicted by Molecular Dynamics simulation. The longer the chain, the bigger the change in its radius of gyration when the polymer interacts with the metal substrate. This implies a greater flexibility for the larger chains, and an improved capacity to adapt to the surface. Pair correlation function of each polymer used has been derived, both before and after the polymer has interacted with the metal, as predicted by MD calculations. It is the probability for finding a β atom in a given distance around an α atom. The pair correlation function is useful for quantification of specific interactions among the complete set of atoms in the polymer, including chain-to-chain interactions (intermolecular) and between pairs of atoms in the same molecule (intramolecular). We have focused on obtaining the correlation function, g αβ ( r), for inter and intramolecular C-C pairs, using equation (3),
where ρ is the density, x i is the molar fraction for every element i, N i the total number of atoms i, N the total number of atoms, δ is the Dirac function and r is the distance taken from reference atom to atom β. Figure 9 shows the pair correlation functions before and after MD simulation for two different lengths of the vinyl ester polymer chains. A similar trend is found for the other polymers, with different chain lengths. Energy minimization is complete after the relaxation procedure, and no further evolution to equilibrium is observed in the polymer with further incremental changes in temperature and/or pressure. Pair correlation functions get modified after MD calculation of the polymer-metal system, which is necessarily attributed to the interaction at the interface. The probability of finding atoms at shorter distances increases for every polymer considered, as it is shown in Fig. 9a and 9b , where the pair correlation function after interaction is over the pair correlation function before interaction for interatomic distances of 10 Å or less. Equilibrated samples are an important issue when long, entangled chains are modelled, but this is not the situation in our case and equilibrium in the polymer is reached without difficulties. Atoms are able to get closer after the interaction of the polymer with the metal substrate takes place as the modifications in the pair correlation functions show, because the non-bonded interaction forces the polymer to reshape and fit closely to the metal surface. A higher interaction energy is obtained since a greater number of polymer atoms get closer to the metal substrate, interact with the substrate (non-bonded interaction depends strongly on the interatomic distance), and thus get involved in the adhesion process. End-to-end length is another parameter for measuring the ability of the polymer to change the conformation of molecules as the interaction with the metal surface proceeds. Modifications in the end-to-end distance distributions before and after MD can be related to the conformational changes caused by the interactions at the interface. Figure 10 shows for polymer 4 the accumulated probability of finding molecules within a certain end-to-end distance range. A similar trend is found for the other polymers with different chain lengths. After the interaction of the polymer with the substrate, the probability of finding more folded chains increases, up to a distance of 15 Å, as predicted by MD calculations. At the same time, the accumulated probability of occurrence of unfolded chains (end-to-end distance of 15 Å or greater) decreases after the interaction is established. The interaction promotes, in coincidence with the observed radii of gyration and pair correlation functions, conformational changes in the chains, which fold trying to adapt themselves to the substrate. In this way, more atoms of the polymer get closer to the substrate and contribute collectively to increase the interaction (adhesion) energy of the system.
Conclusions
The computational prediction of physical properties in polymer-to-metal substrate interactions is a particularly challenging problem, because of the extremely broad range of length and time scales governing structure and molecular motion in these materials. Molecular Dynamics calculation of the adhesion phenomena in a vinyl ester to iron (II) oxide bond has shown that the energy of adhesion increases as the chain is longer, i.e., as the number of monomers becomes higher. Several parameters derived from MD simulations have been used as a means to study changes in the chain flexibility as the length of the backbone increases: pair correlation function, end-to-end distance and radius of gyration.
Pair correlation functions show how atoms are capable of positioning at a shorter distance from each other as the polymer chain becomes longer. This increases the non-bonded interaction between polymer and metal atoms, as it is reflected in the values of the calculated energies of adhesion.
End-to-end distance of the chain varies as the polymer interacts with the metal surface: the polymer chains fold out to adapt themselves to the metal surface and thereby increase adhesion energy.
Radius of gyration in the polymer chains increases as the number of monomers increases. However, longer chains have greater capability for folding out on themselves, decreasing their radius of gyration and getting closer to the metal surface. As the flexibility of the polymer chain increases, more atoms are involved in the interaction with the metal surface at the interface, which increases the energy of adhesion.
